We characterized antigen-specific CD4 ؉ T cells in six patients with treatment-resistant Lyme arthritis, using an HLA-DRB1*0401 major histocompatibility complex (MHC) class II tetramer covalently loaded with OspA164-175, an immunodominant epitope of Borrelia burgdorferi. Direct analysis of OspA-tetramer binding CD4 ؉ cells in patients expressing the HLA-DRB1*0401 allele revealed frequencies of between <0.005 and 0.1% in peripheral blood (n ‫؍‬ 6), and between <0.005 and 3.1% in synovial fluid (n ‫؍‬ 3). OspAtetramer ؉ CD4 ؉ cells were directly cloned at 1 cell per well and expanded by mitogen and IL-2 on allogeneic feeder cells. As measured by [ 3 H]thymidine incorporation, 95% of 168 T cell clones from synovial fluid binding the OspA-tetramer were antigenreactive. Clones generated from peripheral blood revealed a different pattern of responsiveness when compared with clones generated from synovial fluid, as measured by proliferation, IFN-␥, and IL-13 secretion. These clones, selected on the basis of their peptide binding, also responded to whole protein, but with a different cytokine profile. Our studies demonstrate that MHC class II tetramers can be used in humans to directly identify, isolate, and characterize antigen-reactive T cells from an inflammatory compartment.
T
he recent development of multimeric MHC͞peptide complexes with the capacity to bind T cells has provided a tool to study antigen-specific T cell responses directly ex vivo (1) (2) (3) (4) . Studies using MHC class I tetramers demonstrated that current methods for enumerating antigen-reactive T cells vastly underestimate the size of the antigen-specific, virally induced T cell repertoire (2, (5) (6) (7) . MHC class I restricted cluster determinant (CD)8 ϩ T cells recognizing microbial antigens have been easily detected in blood, often with frequencies of more than 10% of the CD8 ϩ T cell pool. The generation of MHC class II tetramers recently has allowed the investigation of circulating antigenspecific CD4 ϩ T cells (1, 3, 5, 8) . In marked contrast to viral-reactive CD8 ϩ T cells, the frequency of MHC class II tetramers staining antigen-specific CD4 ϩ T cells seems to be significantly lower. Analysis of influenza-specific CD4 ϩ T cells after vaccination in humans indicated that the frequency of antigen-reactive T cells in the circulation was too small to enumerate directly (3) . MHC class II DR4 tetramers loaded with the self-antigen collagen II similarly detected a very low frequency of collagen type II autoreactive T cells in patients with rheumatoid arthritis (4) .
Previous investigations in human autoimmune diseases have demonstrated the sequestration of antigen-reactive T cells at the site of the inf lammation (8) . Thus, we chose to analyze antigen-specific T cells with MHC class II tetramers from an inf lammatory site, the synovial f luid (SF), of subjects with antibiotic-treatment-resistant Lyme arthritis. This seems to be a particularly good model of a microbial-induced autoimmune disease of the joints that develops in a small percentage of patients in association with infection with Borrelia burgdorferi (Bb). Infection with this tick-borne spirochete induces a complex, multisystem disease in which approximately 60% of untreated patients develop intermittent or chronic oligoarticular arthritis months after disease onset (9 -13) . It develops while the patient is still infected, but continues after eradication of the spirochete with antibiotic therapy. Approximately 70% of these patients develop high-affinity IgG antibodies to outer-surface protein A (OspA) of Bb near the beginning of prolonged episodes of arthritis (14) . Those patients with the HLA-DR4 specificity and OspA reactivity had arthritis for significantly longer after treatment than did those who lacked OspA reactivity. Th1 cells specific for OspA are found primarily in patients with treatment-resistant Lyme arthritis (15, 16) . Peptide mapping studies in DRB1*0401 transgenic mice identified a 20-aa region, amino acids 164 -183 (OspA 164 -183 ), as one of the immunodominant epitopes of OspA (17) .
In this study, an HLA-DRB1*0401 MHC class II tetramer covalently loaded with an immunodominant epitope of OspA, OspA 164 -175 , was used to enumerate directly the frequency of OspA-reactive T cells in the SF and peripheral blood mononuclear cells (PBMC) of patients with treatment-resistant Lyme arthritis. Single-cell cloning and subsequent examination of OspA-tetramer ϩ T cell clones confirmed that the tetramer binding cells ex vivo were highly antigen-reactive. These data demonstrate that MHC class II tetramers can be used to directly enumerate and isolate antigen-reactive T cells in inflamed immune compartments.
Materials and Methods
Patients. All eight patients met the Centers for Disease Control criteria for the diagnosis of Lyme disease (18) . They had swelling of one or both knees accompanied by a positive IgG antibody response to Bb by ELISA and Western blot. Despite antibiotic treatment after the occurrence of arthritis, the joint swelling still persisted, indicating a treatment-resistant course. SF and peripheral blood samples were taken at the same time. At the time of sampling, PCR tests for Bb DNA in joint fluid were negative. Informed consent was obtained from all study subjects.
Preparation of MHC II Tetramers. Tetramers of peptides from OspA and human synovial matrix glycoprotein (gp)39 bound to human DR4 and of a peptide from mouse cytochrome c (MCC) were prepared as described elsewhere (1, 4) . Briefly, soluble MHC class II molecules were prepared by using a two-promoter baculovirus transfer vector (1, 19) . The gene encoding the extracellular region of the DR4␣ chain and the extracellular portion of DR4␤ chain were cloned behind the p10 promoter and polyhedrin promoter, respectively. Sequence encoding the Bb OspA 164 -175 or human gp39 263-275 peptides and a 14-aa flexible linker were inserted between the leader and the N terminus of the DR4␤1 domain. Although the peptide used in T cell hybridoma and clone stimulation was generally OspA 164 -183 , we subsequently found that the important epitope was contained in OspA 164 -175 . Therefore, this shorter peptide was used in the tetramer construction. The C terminus of the DR4␤ chain carried a peptide tag for biotinylation by the Escherichia coli enzyme BirA (Avidity, Denver, CO). Purified proteins were biotinylated and incorporated into complexes with phycoerythrin͞streptavidin (BioSource International, Camarillo, CA; ref.
1).
Production of T Cell Hybridomas (THy). DR4 transgenic mice were immunized two times with 100 g of OspA, the first in complete Freund's adjuvant and the second in incomplete Freund's adjuvant. Two weeks after the second immunization, lymph node cells were harvested, pooled, and stimulated with 40 g͞ml OspA in RPMI medium 1640 supplemented with Hepes, glutamine, 2-mercaptoethanol, and penicillin͞streptomycin (Biowhittaker, Walkersville, MD) plus 10% FCS. Washed, stimulated lymph node cells were combined with BW-T cell receptor (TCR) Ϫ/Ϫ cells (American Type Culture Collection) in 35% polyethelene glycol. Fused cells were plated at 1 cell per well and grown in 10% FCS-RPMI medium 1640 supplemented with hypoxanthine-aminopterin-thymidine (Sigma). Lines were weaned from selection media and screened for antigen specificity by incubating THy with irradiated syngeneic spleen cells and OspA 164 -183 or controls. IL-2 was measured by IL-2-capture ELISA. Growth-and antigen-responsive cell lines were subcloned.
Fluorescent Cell Sorting and T Cell Cloning. Staining reactions were set up at 300 l final volume, containing 6-8 ϫ 10 6 thawed patient SF or PBMC and 20 g͞ml OspA-or control-tetramer (1) in RPMI medium 1640 containing 5% human serum (Gemini Bio-Products, Calabasas, CA), 2 mM glutamine, 10 mM Hepes, 0.1 mM nonessential amino acids (GIBCO͞BRL), and 1 mM Na-pyruvate (GIBCO). Reactions were incubated at 37°C for 1.5 h. Anti-CD4-FITC and anti CD64-CyChrome (PharMingen) were added to the reaction mixture for 30 min at 4°C. Samples were washed and resuspended in the same supplemented RPMI medium 1640. Plates were counted on a ␤-plate scintillation counter (EG & G Wallac, Gaithersburg, MD). Screening data are expressed as ⌬cpm, which is equal to the mean cpm with antigen minus the mean cpm with medium alone. In dose-titration experiments, OspA 164 -183 was diluted from 10 g͞ml to 1 pg͞ml. In some experiments, whole unlipidated rOspA from Bb B31 produced in E. coli was tested. rOspA is approximately 30 kDa. Concentrations of 40 g͞ml and 400 g͞ml of rOspA correspond to a 1.3 M and 13 M solutions of protein, respectively. The OspA 164 -183 peptide at 10 g͞ml is a 4.7 M solution.
Cytokine ELISA. Sandwich ELISAs were used to detect IFN-␥ production, according to the manufacturer's protocol (PharMingen). Standard curves using human rIFN-␥ (GIBCO͞BRL) and IL-13 (R & D Systems) were used to quantify cytokine production. Avidin-peroxidase conjugate (Sigma) and 3,3Ј,5,5Ј,-tetrametylbenxidine (Kirkegaard & Perry Laboratories) substrate were added sequentially to develop the plates. Substrate development was stopped by using 0.1 M H 3 PO 4 , and plates were read at 450 nm. Values were determined by comparing OD 450 values to the standard curve. OspA-reactive T cell clones were stimulated with antigen for a total of 48 h. At 36 h, 2 M monensin (Sigma) was added; 20 g͞ml OspA-tetramer was added during the last 2 h. Cells were washed, fixed in 4% paraformaldehyde, and washed again in permeabilization buffer (1% FCS͞0.1% saponin (Sigma)͞0.1% sodium azide in PBS) before staining with anti-cytokine monoclonal antibodies (PharMingen). Anti-IL-4 and anti-IFN-␥ and corresponding isotype controls were used. After staining at 4°C for 30 min, cells were washed twice in permeabilization buffer and resuspended in staining buffer for flow cytometric analysis.
Results
Functionality of OspA-Tetramers in THy. We prepared a panel of THy from lymph node cells of DR4 transgenic (DR4-Tg) mice (21) that had been immunized and boosted with OspA in vivo. Because these mice do not express murine class II molecules, their CD4 ϩ T cells are restricted to the human DR4 molecule. As expected from previous results obtained from bulk T cell cultures (15, 17) , the majority of these THy were specific for OspA 164 -183 . Thus, they represented a positive control for the OspA-loaded DR4 tetramer. As can be seen in Fig. 1A , two representative THy bound the OspA-tetramer, but not the control gp39-tetramer, establishing that the OspA-tetramer binds to OspA-specific HLA-DRB1*0401-restricted T cells. Eight other OspA-specific THy bound the OspA-tetramer similarly; and THy that were unresponsive to OspA, but produced IL-2 following CD3 crosslinking, did not bind either tetramer (results not shown).
Visualization and Frequency of OspA-Specific T Cells in Lyme Arthritis
Patients. SF and PBMC from six patients with treatmentresistant Lyme arthritis (HLA-DRB1*0401) were analyzed for OspA 164 -183 -binding T cells by staining with OspA-tetramer. To include both small resting and large activated antigen-specific T cells, the analysis was not restricted with respect to size and granularity of cells. Contaminating monocytes, which nonspecifically bind tetramer, were excluded from analysis by selecting the CD64 (Fig. 1B, gate R1 ). Staining of PBMC from six patients revealed that only between Ͻ0.005 and 0.1% bound the OspA-tetramer, a frequency not significantly higher than that seen with the negative control tetramer. However, in three of the patients in whom concomitant SF samples were available, the frequencies of OspA-tetramerbinding cells in SF were between 0.01 and 3.1% (n ϭ 3) ( Table  1 ). The frequency of T cells binding either of the control tetramers, DRB1*0401-gp-39 or IE k -MCC, were significantly less in SF, between Ͻ0.005 and 0.3%, comparable to binding of the OspA-tetramer in patients not expressing DR4. In the SF from a patient homozygous for the HLA-DRB1*0401 allele, 3.1% of the CD4 ϩ cells bound OspA-tetramer, indicating a marked sequestration of OspA-specific cells at the site of joint inflammation (Fig. 1B) . Negligible numbers, Ͻ0.005-0.1%, of OspA-tetramer binding cells were detected in either SF (n ϭ 1) or PBMC (n ϭ 2) of DRB1*0401-negative patients, confirming the specificity of OspA-tetramer as a staining reagent in DRB1*0401 individuals. No OspA-tetramer staining was seen in the two DRB1*0401 healthy controls.
Cloning of OspA-Specific T Cells After Cell Sorting by OspA-Tetramer
Staining. To confirm that T cells identified by the OspA-tetramer staining were indeed antigen-reactive, OspA-tetramer ϩ T cells were cloned directly from the SF and PBMC of HLA-DRB1*0401 ϩ patients by flow cytometry at 1 cell per well, followed by expansion with phytohemagglutinin and allogeneic feeder cells plus IL-2. Six antigen-specific T cell clones were derived from the PBMC of three patients, whereas 168 clones were generated from the SF of one patient who is homozygous for the DRB1*0401 allele. This finding indicates that it is possible to establish peptide-specific T cell clones, even if the frequency of tetramer-binding CD4 ϩ cells is as low as 0.01%. No clones were generated from PBMC and SF of two HLA-DRB1*0401 Ϫ patients ( Table 1) .
The 168 T cell clones derived from the SF of the DRB1*0401 homozygous patient represented a cloning efficiency of 33%. OspA-tetramer Ϫ CD4 ϩ clones also were generated from this SF sample to serve as negative controls. All clones were examined for their ability to respond to OspA 164 -183 (10 g͞ml) in a proliferation assay, measuring [ 3 H]thymidine incorporation. As predicted by their precursor's ability to bind OspA-tetramer, 161͞168 of these clones responded to OspA 164 -183 , presented by autologous EBV-transformed B cells (Fig. 2) . On the other hand, only 2͞11 of the T cell clones derived from the OspAtetramer Ϫ CD4 ϩ fraction responded in the proliferation assay to the OspA peptide (Fig. 2) . In 33͞161 OspA-reactive clones, the IFN-␥ secretion in response to OspA also was analyzed after 48 h of culture. All 33 clones secreted Ͼ700 pg͞ml IFN-␥ (data not shown). Dose Titration of OspA-Reactive Clones. To characterize the doseresponse to the cognate peptide antigen, dose titrations were performed on a panel of established clones, and their proliferation and cytokine secretion were evaluated. OspA-reactive T cell lines derived from PBMC proliferated poorly in response to peptide, but secreted high amounts of IFN-␥ (Fig. 3A) . All clones also secreted IL-13. Interestingly, clones established from SF revealed a different pattern of responsiveness (Fig. 3B) , with a higher proliferative response to low concentrations of OspA peptide. Additionally, the SF-derived T cells secreted high amounts of IL-13, with relatively low amounts of IFN-␥ (Fig. 3B) .
It was important to demonstrate that T cells cloned by selection with the OspA-tetramer represent cells in vivo that can recognize whole OspA processed by APC. For this purpose, OspA peptidereactive T cell clones were tested with purified rOspA and autologous EBV-transformed B cells. The majority of the T cell clones recognized the whole rOspA on an equimolar basis as compared with peptide, when the proliferative responses were analyzed (Fig.  3B ). However, with respect to cytokine secretion, rOspA induced high levels of IFN-␥ and low levels of IL-13 after 48 h of culture. This finding is in contrast to the cytokine pattern observed in the clones after stimulation with peptide, where high amounts of IL-13 and low amounts of IFN-␥ were secreted.
OspA-Responsive Clones Bind OspA-Tetramer. Individual T cell clones were characterized by flow cytometry for binding to the (Fig. 4) . When the OspA-reactive clones were stained with 0.2, 2, and 20 g͞ml OspA-tetramer for 2 h at 37°C, a concentration-dependent increase in the mean fluorescence intensity (MFI) was observed (Fig. 4A) . At concentrations of 2 g͞ml, all cells within a clone bound the tetramer with an MFI in the range of 5 ϫ 10 1 to 3 ϫ 10 2 . With lower OspAtetramer concentrations, only a few clones showed a staining pattern distinctly different from that of the control tetramer. This concentration-dependent shift in MFI did not occur with increasing concentrations of control gp39-tetramer (data not shown) or with OspA-tetramer sort negative clones stained with the OspA-tetramer (Fig. 4B) .
MHC class II tetramers

Tetramer Staining Can Be Combined with Intracellular Cytokine
Staining. To analyze cytokine production of antigen-specific T cells at the single-cell level, OspA-tetramer and intracellular cytokine stains were combined. OspA-reactive clones were activated for 48 h, with the addition of monensin for the last 12 h. Tetramer staining was performed at 37°C for the last 2 h of culture. All cells within the clone bound the tetramer and exhibited intracytoplasmic expression of IFN-␥ (Fig. 5) . The few cells that were clearly brighter in their stain for OspA-tetramer or IFN-␥ could not be distinguished with regard to their size or granularity (data not shown). All cells within a clone also expressed intracytoplasmic IL-4 (Fig. 5) .
Discussion
Here we demonstrate that MHC class II tetramers can be used for the direct enumeration of antigen-reactive Of the SF samples analyzed from three patients, one showed a significantly higher frequency of OspA-tetramer ϩ T cells as compared with the other two subjects. Interestingly, this patient is homozygous for the HLA-DRB1*0401 allele. Analysis of larger patient populations will be required to determine whether homozygous expression of the DRB1*0401 allele is associated with this marked increase in OspA-reactive T cells.
The OspA-tetramers clearly identified the expected antigenspecific CD4 blood. These data suggest that higher-affinity T cells were captured with the OspA-tetramer from SF than PBMC, consistent with the hypothesis that high-affinity OspA-reactive T cells are being sequestered in the joint tissue in response to an antigen-specific signal. Moreover, because the frequency of tetramer-binding cells was low in PBMC, the sorting gates were wider than those of the SF, allowing the inclusion of tetramerbinding cells with low fluorescent intensity. Nevertheless, we were able to clone antigen-reactive T cells from blood, even when OspA-tetramers revealed frequencies of Ͻ0.01% of the CD4 ϩ population. These results indicate that events captured by flow cytometry with OspA-tetramer binding of PBMC T cells represent cognate interactions with the TCR.
Interestingly, the OspA-reactive clones established from SF show a different pattern of responsiveness than do the clones established from PBMC, as measured by levels of proliferation, IFN-␥, and IL-13 secretion. This finding may be attributable to antigen priming of the cells in different compartments, possibly with different APC. Comparing the response pattern of the SF T cells to peptide and rOspA also reveals differences, possibly pointing to differential presentation of naturally processed versus synthetic peptide, which would provide a possible explanation for the different patterns seen for the peptide-reactive clones established from SF and PBMC.
As expected, the OspA-tetramer bound to antigen-reactive T cell clones in a dose-dependent manner, as measured by MFI. Crawford et al. (1) reported similar results with the IE k -MCC tetramers on mouse THy specific for that same MCC peptide. It is possible that the use of even higher concentrations of OspAtetramer would cause a further increase in the MFI, which would indicate that the binding, as measured, is not at saturation. Similarly to the MCC THy system, increased MFI associated with increased concentrations of OspA-tetramer varied between individual T cell clones. The interclonal differences may be an indication of the number of TCR molecules expressed on each clone or of the affinity of the various TCR for the peptide (1). This is an important question, which will require further analysis of clonal TCR usage. However, even if the tetramer staining is not at saturation, the uniform staining of all cells within a clone clearly demonstrates that even limiting amounts of tetramer can distinguish antigen-specific from non-antigen-specific cells. In contrast to the effects of varying antigen concentration, the DR4 tetramer loaded with the weaker lymphocyte functionassociated antigen (LFA)-1 332-345 peptide agonist binds only a small fraction of the OspA͞LFA-1 dual-reactive T cells clones (unpublished data). Thus, as predicted from recent experiments examining the nature of the ''immunological synapse'' (23), there are both quantitative and qualitative differences in the engagement of MHC͞peptide-tetramers on the surface of T cells.
Two T cell clones of 11 derived from the OspA-tetramernegative CD4 ϩ population proliferated in response to OspA. This finding may simply reflect a mechanical error in cell sorting. They may also represent OspA-reactive T cells that were recently activated in vivo, resulting in down-regulation of their TCR. Lastly, as discussed previously, low-affinity TCR recognizing OspA may not efficiently bind the OspA-tetramer. Such T cells, when cloned, could respond to antigen presented in the context of strong costimulator y signals, as provided by EBVtransformed B cells. In support of this last idea, when one of these OspA-reactive clones was subsequently tested for binding the OspA-tetramer, it was still negative. Thus, the frequency of OspA-reactive T cells in SF may even be higher than that detected by the OspA-tetramer used in this study.
These experiments demonstrate that MHC class II tetramers can be used to directly enumerate antigen-reactive T cells ex vivo. However, unlike microbial-reactive CD8 ϩ T cell populations that are easily identified in the circulation, direct enumeration of antigen-reactive CD4 T cells may require examination of inflamed tissue sites. Combination of labeled MHC͞antigen tetramers with intracellular cytokine analysis will allow the direct functional characterization of antigen-reactive T cells in human disease.
